Intron sliding is the relocation of intronexon boundaries over short distances and is often also referred to as intron slippage or intron migration or intron drift. We have generated a database containing discordant intron positions in homologous genes (MIDBMismatched Intron DataBase). Discordant intron positions are those that are either closely located in homologous genes (within a window of 10 nucleotides) or an intron position that is present in one gene but not in any of its homologs. The MIDB database aims at systematically collecting information about mismatched introns in the genes from GenBank and organizing it into a form useful for understanding the genomics and dynamics of introns thereby helping understand the evolution of genes. Results: Intron displacement or sliding is critically important for explaining the present distribution of introns among orthologous and paralogous genes. MIDB allows examining of intron movements and allows mapping of intron positions from homologous proteins onto a single sequence. The database is of potential use for molecular biologists in general and for researchers who are interested in gene evolution and eukaryotic gene structure. Partial analysis of this database allowed us to identify a few putative cases of intron sliding.
INTRODUCTION
The complete sequencing of the genome of several eukaryotic species will continue to contribute to a better understanding of the evolution of eukaryotic genomes. Public databases, like GenBank, are growing at an exponential rate (Benson et al., 2000) . A significant fraction of the data corresponds to genomic sequences containing the structure of many genes. In the last few years, several databases were built whose entries correspond to those * To whom correspondence should be addressed.
sequences containing an intron/exon structure (Sakharkar et al., 2000a; Saxonov et al., 2000; Schisler and Palmer, 2000) .
Analysis using these datasets has shown that introns have a non-random distribution in eukaryotic genes (Sakharkar et al., 2000a,b; Long et al., 1995; Fedorov et al., 1992) . First, the intron phase (the position of the intron in relation to the reading frame) is strongly biased towards phase 0 introns, those that are present between two codons (Fedorov et al., 1992; Long et al., 1995) . Phase 0 introns correspond roughly to half of all introns in modern as well as ancient genes (Long et al., 1995) . Second, there is an excess of symmetric exons (exons flanked by introns of the same phase) (Long et al., 1995; de Souza et al., 1998) . Finally, phase 0 introns are preferentially located at the boundaries of units of the tertiary structure (modules) in ancient proteins (de Souza et al., 1998) .
Some investigators have interpreted this non-random distribution as evidence for an ancient nature of introns (Long et al., 1995; de Souza et al., 1996 de Souza et al., , 1998 since it is also evident in ancient genes. Another specific feature about introns is their close localization in homologous genes. This has led to the proposition that introns may 'slide' to a new position. Several mechanisms have been proposed for this sliding process (Stoltzfus et al., 1997) . Although some authors have used different terminology for the same phenomenon, we will use, for the sake of simplicity, 'sliding' in this report.
There are several lines of indirect evidence for intron sliding. Jellie et al. (1996) , for instance, made a solid phylogenetic argument for the occurrence of intron sliding in globin-like genes. The indirect nature of this evidence lies in the fact that homology between the intron sequences is not clear. This, however, may be due to the fact that intron sequences drift very quickly over evolutionary time. A more quantitative approach was taken recently by Rogozin et al. (2000) that through Monte Carlo simulations showed a significant excess of one-base pair intron sliding in a set of conserved gene families. They showed two examples where a homology was found between discordant introns (Rogozin et al., 2000) .
Several problems affect the study of intron sliding. One of the most serious is the rate of annotation errors in GenBank entries. A second problem is that discordant introns are found in regions of alignment ambiguity, raising the possibility that alternative alignments could place the introns in the same position. More than a third of all cases of discordant introns reported by Stoltzfus et al. (1997) were found to be artifacts. The most disappointing problem however is the lack of a database where all cases of discordant introns are represented. We here describe the database Mismatched Intron DataBase (MIDB). Through an exhaustive all-against-all comparison of all sequences containing at least one intron, we were able to collect most cases where there is a mismatch between intron positions in homologous genes. MIDB will be updated twice a year and available at http://intron.bic.nus.edu.sg/ midb/midb.html.
SYSTEMS AND METHOD
In order to construct MIDB, we have used the database ExInt (Sakharkar et al., 2000a) . Briefly, this database contains all the entries in GenBank where at least one intron is found. Among other features, each entry contains the amino acid sequence of the protein encoded by the intron-containing gene as well as the number and location of each intron in the amino acid sequence. We took all entries from ExInt and performed an all-against-all protein sequence comparison using FASTA (Pearson and Lipman, 1988) . Each pairwise alignment with a P < 0.000 01 was searched for mismatched introns. A mismatched intron is an intron present in one sequence but not in the other or an intron that is not in the exact same position but rather within a distance window of 10 amino acid residues. All pairwise alignments containing at least one mismatched intron were stored for further analysis and constitute the core of MIDB. MIDB contains all possible cases of intron sliding as well as cases of intron gain or loss. MIDB is available at http://intron.bic.nus.edu.sg/midb/midb.html.
One of the most common problems in GenBank is the incorrect assignment of the intron splice sites. We have developed a strategy that evaluates the reliability of the reported splice sites by comparing the nucleotides surrounding the intron with the amino acid sequence of the corresponding protein. When we applied this program to our original database, we observed that some mismatches were due to this type of error in the annotation procedure. This new database is also available at http://intron.bic.nus. edu.sg/chk.
We have also defined all cases where both genes of a pair showing a mismatch were from organisms of the same genus. The reason for this approach relies on the fact that for such cases there would be a higher chance of finding homologous introns since the time of divergence between the two genes would be shorter. Intron sequences were aligned using the program Gap from the GCG package (Needleman and Wunsch, 1970) . Statistical inferences from the intron alignments were obtained using PRSS (Pearson and Lipman, 1988) .
Format of the database
The MIDB database was constructed in a plain text format. Each gene has its own entry containing a list of alignments at the amino acid level (cutoff score < 0.000 01) that show a mismatch in the intron position or phase. Information in the MIDB Database includes: Locus names of the mismatched entries with hyperlinks to ExInt database (Sakharkar et al., 2000a) , protein alignments, phase of the introns, position and length of the introns. A description of MIDB format is given in Figure 1 .
RESULTS AND DISCUSSION
MIDB database contains information on 60 454 proteins from ExInt version 116 and involves 1 593 478 cases of mismatched introns. Due to the size of the database generated by this study, we arbitrarily chose a subset and searched for possible cases of intron sliding as examples. One of the clearest cases of intron sliding found in our search corresponds to a pair of protamine genes from bovine (Krawetz et al., 1988) and pig (Pirhonen et al., 1993) . As shown in Figure 2A , protamine genes have a bias for codons coding for arginine residues. The discordant introns are exactly at the end of a stretch of arginine residues in both genes. In principle, there is no clear reassignment of a splice site since the protein alignment in the region of the intron shows no indel. This is also not a case of alignment ambiguity as can be clearly seen by the conservation of several residues flanking the two discordant intron positions. The intron sequences are significantly similar to each other (90% identity) as shown in Figure 2B . None out of a thousand random sequences showed a higher degree of similarity (P < 0.0005). Can we draw a conclusion about the mechanism responsible for the sliding event? Careful inspection of the alignment shown in Figure 2B shows a reassignment of the 3 splice site in the pig sequence that generated the alanine codon. A compensative reassignment of the 5 splice site is not clearly evident. Since the intron alignment seems reliable (there is no gap in the bovine sequence), one possibility is that the compensatory indel occurred more upstream and not exactly flanking the intron. One possible mechanism for this is slippage due to the biased composition generated by the stretches of arginine codons. Most of the discordant introns found were not conclusive because of the poor alignments and absence of a significant similarity between the intron sequences. This does not exclude the possibility that the discordance is due to sliding since it is known that intronic sequences drift very fast, but a conclusive judgement is impossible. However, discordant introns that are present in the same species or closely related species can be objectively evaluated, depending on the time of the divergence. With this goal in mind, we have also developed a program that searches MIDB for pairs of sequences (containing the discordant introns) that are present in species of the same genus. This approach allowed us to focus on cases potentially more conclusive. The program will be available upon request.
MIDB

Sample entry
Another interesting case involves two paralogous genes from Plasmodium falciparum (tubulin genes) (Wesseling et al., 1989) (Figure 3A) . What is most surprising about this example is that the putative sliding event caused a change in the intron phase. It is not expected that genes where this shift occurred will become fixed in the population since this will cause a frameshift in the reading frame of the corresponding gene. This is particularly serious in the above example since the shifted intron is located at the 5 end of the open reading frame. How such a sliding event survived is intriguing but the alignment shown in Figure 3B suggests that compensatory nonsymmetric insertions/deletions occurred at the flanking ends of the intron position. An alternative possibility is a loss followed by a gain in a new position. It is important to say that the simulation analysis indicates that the two intron sequences are significantly similar to each other (P < 0.001). This case of intron sliding was earlier observed by Stoltzfus et al. (1997) . Stoltzfus et al. (1997) elaborated two different theories on the evolutionary rate of intron sliding. The first theory proposes that intron sliding is very frequent and is the major cause of the diversity of intron positions seen today. The second theory on the other hand proposes that the rate of intron sliding is very low with no evolutionary significance. Stoltzfus et al. (1997) concluded that their analysis excluded the first theory, what they called the 'strong intron sliding' theory. Similar conclusions were also obtained by Rogozin et al. (2000) . Our analysis also suggests that the 'strong intron sliding' theory is unlikely. We should note however, that it is impossible to draw a definitive conclusion about most of the discordant introns since intron sequences drift very fast. It is our hope that the database and the programs we make available will encourage other groups to attack this problem. 
ACCESS AND AVAILABILITY
MIDB is accessible via a WWW interface (http: //intron.bic.nus.edu.sg/midb/midb.html). Queries can be performed by GenBank LOCUS name or Keywords. The result of the search is an object report from MIDB, which includes the list of entries that have the Locus name or the Keyword. The list is hyper-linked to the corresponding FASTA alignments that show discordance in their intron position at a cutoff of <0.000 01. Relational hyperlinks are also established to the corresponding ExInt entry where the exon introns gene structure can be viewed in detail. MIDB will be updated twice a year. An example for MIDB search is shown in Figure 4 .
